In medusae of the hydrozoan Cytaeis uchidae, oocyte meiotic maturation and spawning occur as a consequence of dark-light transition. In this study, we investigated the mechanism underlying the initiation of meiotic maturation using in vitro (isolated oocytes from ovaries) and in vivo (ovarian oocytes in medusae) systems. Injection of cAMP derivatives into isolated oocytes induced meiotic maturation in a dose-dependent manner. Meiotic maturation was also achieved in isolated oocytes preloaded with caged cAMP and exposed to UV irradiation. The caged cAMP/UV irradiation-induced meiotic maturation was completely inhibited by blockers of protein kinase A (PKA), H-89, KT5720, and RpcAMPS. The medusae from which most parts of the umbrella were removed (umbrella-free medusae) survived for at least 2 weeks, during which time oocyte meiotic maturation and spawning occurred. When H-89 and Rp-cAMPS were injected into ovarian oocytes of umbrella-free medusae within 3 min of dark-light stimulation, meiotic maturation was inhibited or delayed. An increase in intracellular cAMP was confirmed by FlCRhR, a fluorescent cAMP indicator, in ovarian oocytes exposed to dark-light transition as well as in isolated oocytes stimulated by caged cAMP/UV irradiation. These results indicate that the cAMP/PKA signaling pathway positively contributes to light-triggered physiological oocyte meiotic maturation in Cytaeis uchidae.
Introduction
In most animals, the ovaries of sexually mature females contain fully grown oocytes arrested at the first prophase of meiosis (prophase I, PI). Although there are some species where fertilization physiologically takes place at PI, oocytes of many other species must progress through meiosis to acquire the ability to be fertilized (Masui, 1985) . In various animals living in the field, oocyte meiotic maturation and subsequent spawning seem to occur as a result of environmental cues such as light-dark cycles, lunar/semilunar cycles, and temperature changes.
Hydrozoans are diploblastic metazoans and phylogenetically interesting for understanding animal evolution. Most, but not all, hydrozoan species produce free-swimming medusae (or jellyfish) for sexual reproduction (Martin, 1997) . Sexually mature female medusae possess ectoderm-derived ovaries of simple structure, in which PI-arrested oocytes are surrounded by ectodermal epithelial cells (Freeman, 1987) . In most cases, oocyte meiotic maturation in hydrozoans is physiologically initiated in response to light-dark cycles (Ballard, 1942) . The trigger for meiotic maturation is classified into essentially two patterns dependent on the species: a light cue after a dark period or darkness after light (Miller, 1979; Freeman and Ridgway, 1988) . In either case, ovarian oocytes undergo the process of meiotic maturation, which is first visualized by germinal vesicle breakdown (GVBD), and are released from the ovaries as mature eggs following the completion of two meiotic divisions. It is known that immature or maturing oocytes cannot be fertilized Developmental Biology 298 (2006) 248 -258 www.elsevier.com/locate/ydbio before the second polar body formation (Freeman and Miller, 1982; Freeman, 1987) . The second messenger cAMP is known to be involved in the regulation of the cell cycle, including that of meiotic cells. In starfish, frog, and mammalian oocytes, previous studies have reached an identical conclusion that elevated levels of intracellular cAMP ([cAMP] i ) play a critical role in maintaining meiotic arrest at PI (reviewed by Taieb et al., 1997; Ferrell, 1999; Voronina and Wessel, 2003) . In contrast to the situation, external application of the membrane permeable and stable cAMP analogues 8-bromo-cAMP (8-Br-cAMP) and dibutyrylcAMP to PI-arrested oocytes isolated from ovaries can trigger meiotic maturation to produce fertilizable eggs in some of the hydrozoan species tested (Freeman and Ridgway, 1988) . In addition, cAMP itself, if injected directly into isolated oocytes, is effective in inducing meiotic maturation in the hydrozoan Phialidium (Freeman and Ridgway, 1988) . These results suggest that an increase in [cAMP] i triggers, rather than inhibits, initiation of meiotic maturation in hydrozoan oocytes. However, it is unknown whether the cAMP signaling pathway, which is expected to involve the target molecule protein kinase A (PKA), indeed functions during the process of physiological oocyte meiotic maturation in hydrozoans.
In the present study, we used the hydrozoan Cytaeis uchidae to examine the process of oocyte meiotic maturation; Cytaeis medusae possess very simple ovaries that contain highly transparent oocytes and meiotic maturation in the ovarian oocytes can be reliably triggered by dark-light transition. First, we confirmed the previous observation that in vitro meiotic maturation can be induced when cAMP and its analogues are exogenously loaded into the oocytes isolated from ovaries. Second, we demonstrated that inhibitors of PKA suppress lightinduced in vivo meiotic maturation in ovarian oocytes as well as cAMP-induced in vitro meiotic maturation in isolated oocytes. Finally, we verified that a relative increase in [cAMP] i indeed occurs in the oocytes subjected to cAMP and light stimulation. Our data provide the first evidence that activation of cAMP/ PKA pathway plays an essential role in the early phase of physiological meiotic maturation in hydrozoan oocytes.
Materials and methods

Collection and culture of biological material
In the vicinity of the Asamushi Marine Biological Station (Aomori Prefecture), colonies of the hydrozoan Cytaeis uchidae are found exclusively on shells of Niotha livescens, a gastropod living on the sandy-mud bottom (Hirai and Kakinuma, 1973) . Gastropods with hydrozoan colonies were trapped with fish meat during the summer season (from July to September) and then each colony on its host gastropod was placed in an individual polystyrene container (10 cm in diameter) containing filtered seawater (FSW) and maintained at 20-23°C. The polyps on the colonies were fed with Artemia nauplii three or four times a week and the gastropods with flakes for tropical fish or goldfish (TetraMin or TetraFin, Tetra Werke, Germany) two or three times a week. The seawater in the container was changed almost every day. Although the season of sexual reproduction in Cytaeis is limited to summer (Hirai and Kakinuma, 1973) , it is known that colonies separated from living gastropods will produce and release medusae even in seasons other than summer (Hirai and Kakinuma, 1973) . In order to obtain medusae at all times of the year, polyps in colonies on the gastropods were periodically cut off using a razor blade and transplanted to a polystyrene container. When the transplanted polyps were fed with Artemia three or four times a week, they regenerated colonies on the bottom of the container and then produced and liberated medusae within 1 to 2 months.
The liberated medusae were fed with Artemia daily and placed under a 14 h-10 h light-dark cycle. These medusae began to spawn eggs or sperm within a week after liberation from the colony. Sexually mature medusae survived for 1 to 3 months, during which time spawning took place after the dark-light transition almost every day (see Results). In the present study, medusae of two strains (female strain #17 and male strain #23) were used.
Removal of medusa umbrella and isolation of oocytes from ovaries
To obtain an "umbrella-free medusa" (see Fig. 6A ), most parts of the transparent umbrella (including the four radial tentacles) of ∼ 10-day-old medusa were carefully cut off and removed using a razor blade under a dissecting microscope. These umbrella-free medusae were then cultured under the same conditions used for intact medusae as described above.
To isolate oocytes, the tip of a hand-pulled mouth-operated pipette was placed on the ovarian epithelium in an intact medusa and then several oocytes were sucked up from the ovary using the pipette. During the subsequent incubation in FSW, those oocytes that were much smaller than normally spawned eggs (∼100 μm in diameter) or looked damaged were discarded. To obtain PI-arrested oocytes using in vitro experiments, the isolation procedure was done within 3 min of the dark-light transition, which did not permit the isolated oocytes to initiate meiosis (see Results). Following 30-min incubation in FSW, the isolated PI-arrested oocytes received various treatments.
External application and microinjection of reagents
Stock solutions of water-soluble drugs such as 8-Br-cAMP (Sigma, St. Louis, MO, USA; 10 mM), 8-CPT-cAMP (Wako, Osaka, Japan; 50 mM), 8-BrcGMP (Sigma; 10 mM), and Rp-cAMPS (Sigma; 10 mM) were prepared in an injection buffer containing 100 mM potassium aspartate and 10 mM HEPES (pH 7.0). H-89 (Sigma; 10 mM), KT5720 (Calbiochem, San Diego, CA, USA; 1 mM), KT5823 (Calbiochem; 1 mM), caged cAMP (Dojindo, Kumamoto, Japan; 50 mM), and caged cGMP (Dojindo; 50 mM) were dissolved in DMSO. The fluorescent cAMP indicator FlCRhR (Molecular Probes, Eugene, OR, USA) was originally prepared at 20 μM in phosphate-buffered solution. These stock solutions were stored at − 30°C until use.
Cytaeis oocytes were exposed to, or directly injected with, the drugs described above. The method of microinjection into isolated oocytes was essentially equivalent to that described previously (Deguchi and Osanai, 1994) , except that injection was performed simply by pressing the oocytes against the wall without using a wedge-shaped holder. To inject chemicals into ovarian oocytes for in vivo experiments, an umbrella-free medusa was slightly compressed with two coverslips separated by a 300-μm spacer and a micropipette was inserted into the relatively large oocytes positioned just beneath the epithelium. All of the drugs to be injected, except FlCRhR, were diluted with an injection buffer to appropriate concentrations just before use. To confirm successful injection and trace the subsequent meiotic process of the injected oocytes, each injectant was further supplemented with either 20 μM FITC dextran (10 kDa, Sigma) or 10 μM Texas Red dextran (70 kDa, Molecular Probes) as a tracer. Final concentrations of the injected drugs, as calculated from the fluorescence intensities of tracer dyes (see below), ranged from 2 to 4% of the original concentrations in pipettes.
Uncaging of caged compounds
Isolated oocytes were incubated in FSW containing 500 μM caged cAMP or caged cGMP for 60 min, which was followed by several washes with fresh FSW. They were then transferred into a chamber with a coverslip bottom and bathed in FSW. In some experiments, oocytes were simultaneously exposed to H-89, KT5720, or KT5823 during the incubation period for caged cAMP, or preinjected with Rp-cAMPS or FlCRhR before the incubation with caged cAMP. The chamber was mounted on a DIAPHOT-TMD inverted microscope (Nikon, Tokyo, Japan) or an IMT-2 inverted microscope (Olympus, Tokyo, Japan), both of which were equipped with epifluorescence apparatus. For photoactivation of caged compounds, the oocytes in the chamber were globally irradiated with UV light (at 380 nm) for 30 s; the irradiation was then stopped for the subsequent period of 30 s. This set of treatments was repeated up to 10 times (see Fig. 4 ).
Measurement of fluorescence intensities
Oocytes injected with FITC dextran or FlCRhR were excited by blue light (470-490 nm) and the emitted fluorescence passing through a band pass filter (520-560 nm) was observed. In some experiments, the emitted fluorescence from FlCRhR was also detected using a long pass filter (>570 nm). The excitation and emission filters used for Texas Red dextran were 570 nm and 630 nm, respectively.
To investigate fluorescence intensities in the dye-injected oocytes, fluorescence images were captured using a silicon-intensified target tube (SIT) camera (C-2400; Hamamatsu Photonics, Hamamatsu, Japan) and continuously recorded on videotape. The recorded images were converted into digital images and analyzed with NIH Image (public domain image processing software for the Macintosh computer) as described previously (Deguchi and Morisawa, 2003) .
Results
Dark-light conditions required for oocyte meiotic maturation and spawning
In Cytaeis, mature medusae are known to spawn in response to light treatment after darkness (Inoue and Kakinuma, 1992) . Under our usual culture conditions (14 h light and 10 h dark at 23°C), spawning of female medusae generally occurred at 40-45 min following the switch from dark to light. A spawned egg invariably had two or three polar bodies, indicating that the first and second meiotic divisions had been completed by the spawning period.
To determine the conditions required for spawning, light and dark periods were altered following the usual culture cycle (Fig. 1) . A single second of light after darkness was sufficient to induce spawning (Fig. 1A) . In contrast, more than 1 h of dark before light stimulation was required to obtain a 100% spawning rate (Fig. 1B) . In addition, an interval of more than 15-16 h was needed between the preceding spawning and the next light stimulation (Fig. 1C) . It is worth noting that spawning, if any, always took place at 40-45 min after the light stimulation, independent of the length of light or dark period.
Time limit for obtaining PI-arrested oocytes from ovaries
It is reported that PI-arrested hydrozoan oocytes competent to enter meiosis can be obtained by dissecting out the ovaries, opening them, and teasing out individual large oocytes with a fine needle (Freeman and Ridgway, 1988) . We modified this method to obtain Cytaeis oocytes by sucking them up with a mouth-operated pipette. This method enabled isolation of oocytes without killing the host animals; the medusae from which oocytes were isolated subsequently survived and performed daily spawning as with untreated medusae (data not shown).
When fully grown oocytes were isolated from ovaries within 4 min of light stimulation, all remained arrested at PI (Fig. 2A) ; each oocyte had a clear germinal vesicle (GV) (Fig. 2B ) and germinal vesicle breakdown (GVBD) did not occur as long as placed in FSW without any stimulation. In contrast, almost all oocytes sucked up after 4 min following light stimulation underwent GVBD subsequently ( Fig. 2A) . The oocytes showing GVBD invariably completed the rest of the meiotic process and became mature eggs with a female pronucleus and two or three polar bodies (Fig. 2B ).
Meiotic maturation caused by injection of cAMP derivatives into isolated oocytes
In Cytaeis, external application of 8-Br-cAMP to isolated PIarrested oocytes was ineffective in inducing GVBD even when high concentrations (up to 20 mM in medium) were used. In contrast, direct injection of the same drug into isolated oocytes caused GVBD in a concentration-dependent manner (Fig. 3A) . The outline of GV became obscure at 5.5-6 min after injection of 8-Br-cAMP, the point at which the first detectable change under bright-field observation was noted, whereas the fluorescence of 70-kDa Texas Red dextran injected simultaneously with 8-Br-cAMP began to leak from the cytoplasm to GV 20-30 s earlier. The time of fluorescence leakage was thought to correspond to the exact time of initiation of nuclear envelope breakdown; however, "the time of GVBD" in this study was easily determined by bright-field observation. The oocytes that had undergone GVBD following injection of 8-BrcAMP invariably progressed through the rest of the meiotic divisions and grew into mature eggs that could be fertilized normally.
Injection of another cAMP derivative, 8-CPT-cAMP, into isolated PI-arrested oocytes also induced GVBD and subsequent meiosis in all cases (Fig. 3B) . In contrast, injection of 8-Br-cGMP or FITC dextran alone (as a control) was completely ineffective (Fig. 3B ). Since the simultaneous injection of 8-BrcAMP and 8-Br-cGMP induced GVBD normally (Fig. 3B) , it seems unlikely that cGMP has an inhibitory effect on initiation of meiotic maturation, as reported for mammalian oocytes (Hubbard and Terranova, 1982) . These results indicate that derivatives of cAMP but not of cGMP work as initiators of meiotic maturation from PI, if directly injected into isolated oocytes.
Meiotic maturation induced by continual UV irradiation in caged cAMP-loaded oocytes
The data presented above raised the possibility that cAMP, an endogenous and physiological second messenger, might also have a stimulatory effect on triggering initiation of meiotic maturation. However, injection of cAMP alone into isolated PIarrested oocytes failed to cause GVBD; the oocytes remained arrested at PI when injected with cAMP at low concentrations (below 0.1 mM in pipettes), whereas they ruptured from the injection sites with more concentrated cAMP (above 1 mM). An oocyte arrested at PI (a) and a mature egg that had completed meiosis (b), which were obtained by isolation from ovaries at 3 min and at 6 min, respectively, after light stimulation. Scale bar, 50 μm. GV, germinal vesicle; FPN, female pronucleus; PBs, polar bodies.
As an alternative method, we conducted experiments using caged cAMP, in which precise regulation of [cAMP] i in targeted oocytes would be expected. When isolated PI-arrested oocytes preincubated with 500 μM caged cAMP were irradiated by relatively strong UV light, they broke down immediately (data not shown), as found in oocytes injected with high concentrations of cAMP. In contrast, when stimulated with the appropriate intensity of UV light, the caged cAMP-loaded oocytes were induced to initiate meiotic maturation depending on the number of UV irradiation periods: 0% (0/14), 15% (2/ 13), and 100% (10/10) GVBD was obtained by 6, 8, and 10 sets of UV irradiation, respectively (Fig. 4) . Under these conditions, GVBD occurred, if any, at 10-12 min after the first UV irradiation. The oocytes showing GVBD always grew into mature eggs. If the oocytes were not subjected to continual UV irradiation, GVBD was not induced. For instance, when the gaps between the third and fourth and seventh and eighth UV irradiation periods were slightly lengthened, none of the oocytes showed GVBD (0/5) even though they were subjected to a total of 10 irradiation periods (Fig. 4) .
Finally, the oocytes preincubated with 500 μM caged cGMP or DMSO alone (as a control) did not undergo GVBD during or after continual 10 sets of UV irradiation (Fig. 4) . These results obtained from experiments with caged compounds suggest that a continuous elevation in [cAMP] i triggers oocyte meiotic maturation.
Inhibition of cAMP-induced oocyte meiotic maturation by PKA blockers
If cAMP actually works as an initiator for oocyte meiotic maturation, inhibition of its target molecule, protein kinase A (PKA), would be expected to suppress this process. Coincubation of isolated PI-arrested oocytes with caged cAMP and H-89 (0.1 or 1 μM), a specific inhibitor of PKA, resulted in the absence of GVBD when they were exposed to continual 10 sets of UV irradiation (Fig. 5) . Similar inhibitory effects were detected when two different PKA antagonists, KT5720 (at 1 or 10 μM; co-incubated with caged cAMP) and Rp-cAMPS (at 50 or 100 μM in pipettes; injected prior to incubation with caged cAMP), were used (Fig. 5) . In contrast, the PKG inhibitor KT5823 (at 1 or 10 μM; co-incubated with caged cAMP), as well as DMSO alone (as a control), had no effect on suppressing UV-induced meiotic maturation in caged cAMPloaded oocytes (Fig. 5) . Similar data were obtained when these PKA and PKG inhibitors were tested on 8-Br-cAMP-induced meiotic maturation (data not shown). These results suggest that activation of PKA is involved in the downstream pathway of increased [cAMP] i leading to the initiation of oocyte meiotic maturation. Fig. 4 . Effects of UV irradiation on meiotic maturation in caged cAMP-and caged cGMP-loaded oocytes. PI-arrested oocytes isolated from ovaries were preincubated with 500 μM caged cAMP, 500 μM caged cGMP, or DMSO alone (as a control) and then irradiated with UV light. A UV irradiation period of 30 s (gray, black, or hatched square) was followed by an interval of 30 s (white square) and this set of UV irradiation was repeated up to 10 times to test whether or not GVBD can be induced. In the lower half of experiments, longer intervals were inserted between the UV irradiation periods. Fig. 5 . Effects of PKA and PKG inhibitors on UV-induced meiotic maturation in caged cAMP-loaded oocytes. PI-arrested oocytes isolated from ovaries were preincubated with a mixture of 500 μM caged cAMP and H-89, KT5720, or KT5823 at the concentrations indicated or DMSO alone (as a control). RpcAMPS (50 or 100 μM in pipettes) was directly injected into isolated oocytes before the incubation with caged cAMP. Each of the oocytes was then subjected to continual 10 sets of UV irradiation (see Fig. 4 ) and the presence or absence of GVBD was investigated subsequently.
Light-induced physiological meiotic maturation in ovarian oocytes
In the next series of experiments, we examined whether the cAMP/PKA pathway is actually involved in light-triggered physiological oocyte meiotic maturation, which progresses inside the ovaries of medusae. For this purpose, we prepared "umbrella-free medusae" (Fig. 6A) by cutting off most parts of the umbrella from intact medusae; this operation was expected to prevent the medusa from moving about in an experimental chamber, enabling us to observe the in vivo meiotic process easily. Surprisingly, most of the umbrella-free medusae remained healthy for at least 2 weeks under the culture conditions used for intact medusae. In addition, these medusae continued to spawn daily in response to dark-light cycles during the culture period. The mature eggs released from the umbrella-free medusae looked normal and had a high fertilization rate (about 100%) when examined on the third, sixth, or twelfth day of the culture period.
The fully grown oocytes inside the ovaries of umbrella-free medusae underwent normal meiotic process in response to light stimulation (Fig. 6B) ; at least several such "competent" oocytes ( Fig. 6Ba) could be identified in a single medusa prior to GVBD. The time of GVBD was readily determined under bright-field observation; the outline of GV became obscure at 7-9 min after the switch from darkness to light (Fig. 6Bb) . The subsequent meiotic divisions that emitted two polar bodies could also be detected in vivo; the first and second polar body formations occurred at 20-25 min and at 35-40 min, respectively, following light stimulation (Figs. 6Bc and Bd) . Completion of the meiotic divisions was then followed by spawning; mature eggs ruptured the surrounding epithelium and came out from the ovaries, and growing oocytes that were expected to undergo meiotic maturation next day or later remained in the ovaries (Fig. 6Be) . The spawning event regularly occurred at 40-45 min after light stimulation with similar timing for umbrella-intact medusae. All features described above show that umbrella-free medusae provide a good model for studying the mechanism underlying the initiation and progression of oocyte meiotic maturation under physiological conditions.
Inhibition of light-induced meiotic maturation by PKA blockers
The following experiments using umbrella-free medusae were conducted to verify that activation of PKA is also required for light-induced physiological meiotic maturation in ovarian oocytes. When fully grown ovarian oocytes just beneath the epithelium were selected and injected with H-89 (at 500 μM in pipettes; stock solution prepared in DMSO was diluted in an injection buffer) together with Texas Red dextran within 3 min of dark-light transition, none (0/9 oocytes in 5 medusae) showed GVBD during the next 15 min (Table 1) . In contrast, non-injected large oocytes in the same medusae underwent GVBD on schedule (at 7-9 min after light stimulation). At 45 min after light stimulation, about half of the H-89-injected oocytes (4/9) continued to survive and remained arrested at PI (three were still situated inside the ovaries, and one was extruded to the outside), although the remainder (5/9) had already broken (Table 1) . In contrast, non-injected oocytes that had reached the pronuclear stage by this time were released normally from the same medusae.
When injection of H-89 (500 μM in pipettes) into ovarian oocytes was performed at 5-6 min after light stimulation, all of the targeted oocytes underwent GVBD according to the ordinary timetable of meiosis (6/6 oocytes in 3 medusae, Table 1 ). Subsequently, all completed meiosis and were then released from the ovaries on time (6/6, Table 1) .
A similar inhibitory effect was observed when Rp-cAMPS was used. The ovarian oocytes injected with Rp-cAMPS (500 μM in pipettes) within 3 min of light stimulation did not undergo GVBD in most cases (6/8 oocytes in 4 medusae, Table  1 ). These oocytes stayed inside the ovaries, even after noninjected oocytes in the same medusae had been spawned as mature eggs. In the remaining 2 oocytes, GVBD took place but was significantly delayed (detected at 12-14 min after light stimulation, Table 1 ). They underwent the rest of meiosis normally and were released from the ovaries several minutes after usual.
The injection procedure itself did not affect the subsequent meiotic process even though it was performed within 3 min of light stimulation; all of the control oocytes injected with DMSO (1/20 in an injection buffer) and Texas Red dextran underwent GVBD, completed meiosis, and were released from the ovaries according to schedule (6/6 oocytes in 3 medusae, Table 1 ). These results suggest that a PKA-sensitive step is actually involved in, and restricted to, the early phase of meiosis under physiological conditions.
Relative changes in intracellular cAMP in oocytes stimulated by cAMP and light
In the final series of experiments, we measured relative changes in [cAMP] i in Cytaeis oocytes using the cAMP indicator FlCRhR; its emission fluorescence detected at 520-560 nm increases with an increase in [cAMP] i (Adams et al., 1991) . First, isolated oocytes preinjected with 20 μM FlCRhR were subjected to preincubation with 500 μM caged cAMP and continual UV irradiation, the treatments sufficient to induce meiotic maturation (see Fig. 4 ). In these oocytes, the relative fluorescence intensity at 520-560 nm (F/F0) began to increase after the first UV irradiation, reached a peak at 3 min, and was then kept at elevated levels (4/4; Fig. 7A ). In contrast, when caged cGMP was used instead of caged cAMP, the same UV irradiation failed to elevate the fluorescence in FlCRhR-injected oocytes (0/4; Fig. 7B ).
We next examined whether light-induced physiological oocyte meiotic maturation is also accompanied by an increase in [cAMP] i . This experiment was performed using umbrellafree medusae cultured under a 23 h-1 h light-dark cycle, which still permitted oocyte meiotic maturation and spawning (see Fig.  1B ), and FlCRhR data were expressed as ratios of fluorescence intensities at two different emission wavelengths, 520-560 nm (FG) and >570 nm (FR) (Adams et al., 1991; Webb et al., 2002) . Fully grown ovarian oocytes were injected with 20 μM FlCRhR at the end of the light period of 23 h and the fluorescence ratios (FG/FR) in them were measured as baseline levels (Fig. 7C , the first data point at − 1 h). The umbrella-free medusae containing FlCRhR-injected oocytes were then subjected to the dark period of 1 h, which was followed by Table 1 Effects of PKA inhibitors on light-induced physiological meiotic maturation in ovarian oocytes of umbrella-free medusae light stimulation. Because of a technical limitation in setting the umbrella-free medusa in a measuring chamber immediately after light stimulation, we could not measure the initial fluorescence values after light stimulation. In spite of this problem, we found that an increase in fluorescence ratio following the dark-light transition in all cases examined (4/4; Fig. 7C ). In contrast, the FlCRhR-injected ovarian oocytes that had not experienced the dark period failed to exhibit an increase in fluorescence ratio (0/4; Fig. 7D ). These results obtained from the experiments with FlCRhR strongly suggest that an increase in [cAMP] i indeed occurs under the conditions that trigger oocyte meiotic maturation.
Discussion
In the present study, we investigated the regulatory mechanism of meiotic maturation in Cytaeis using two experimental systems: in vitro experiments with isolated oocytes and in vivo experiments with ovarian oocytes in umbrella-free medusae. The data obtained from both experiments support the conclusion that activation of the cAMP/PKA signaling pathway is necessary and sufficient for initiation of oocyte meiotic maturation in this hydrozoan species. Such stimulatory effects of cAMP/PKA are consistent with previous studies using several marine invertebrates including other Fig. 7 . Relative changes in intracellular cAMP in isolated oocytes stimulated by caged cAMP/UV irradiation and in ovarian oocytes stimulated by dark-light transition. (A and B) An isolated PI-arrested oocyte was injected with 20 μM FlCRhR before being incubated with 500 μM caged cAMP (A) or 500 μM caged cGMP (B). Each oocyte was then exposed to continual 10 sets of UV irradiation (see Fig. 4 ) and the emission fluorescence intensity of FlCRhR at 520-560 nm was measured during each interval period of the UV irradiation. The fluorescence intensities (F) normalized by the initial value at 0 min (F0) are indicated. (C and D) An ovarian oocyte in an umbrella-free medusa was injected with 20 μM FlCRhR at the end of light period of 23 h and the emission fluorescence intensities at 520-560 nm (FG) and at >570 nm (FR) were measured for the determination of the basal level of FG/FR (the first data point at −1 h). Following a dark period of 1 h (C) or a continued light period of 1 h (D), the fluorescence measurement was resumed. The lack of the initial data (from 0 to 2 min) was due to the setting for fluorescence measurement.
hydrozoans (Freeman and Ridgway, 1988) , brittle stars (Yamashita, 1988) , nemertean worms (Stricker and Smythe, 2001) , and bivalves (Yi et al., 2002) , in striking contrast to the opposite effects of these molecules in such animals as starfish (Meijer and Zarutskie, 1987) and many vertebrates (reviewed by Yamashita et al., 2000) .
In most animal species, it is almost impossible to see the process of oocyte meiotic maturation within the ovaries, since the organs are usually positioned deep in the adult body. Thus, a large amount of information on the mechanisms underlying the initiation of meiotic maturation can be obtained from in vitro experiments with isolated oocytes. In mammals, investigations in meiotic maturation have recently been performed under more physiological conditions using the oocytes enclosed by cumulus cells (Webb et al., 2002) or the oocytes within intact ovarian follicles (Mehlmann et al., 2002; Kalinowski et al., 2004) . Our in vivo system using umbrella-free medusae of Cytaeis further provides a unique opportunity for investigating the most physiological aspects and the entire process of oocyte meiotic maturation from initial trigger (environmental change, darklight transition) to final output (spawning of mature eggs).
Female medusae of Cytaeis release mature eggs almost every day, at 40-45 min after dark-light transition, and the characteristics were not altered by removal of umbrella; umbrella-free medusae survived for at least 2 weeks, during which time they underwent daily spawning in response to light stimulation. In the hydrozoan Spirocodon, oocyte meiotic maturation and subsequent spawning are known to occur even in isolated ovaries, when they were exposed to light-dark transition, a natural trigger for intact medusae of this species (Ikegami et al., 1978) . In contrast, PI-arrested oocytes isolated from ovaries no longer respond to dark-light transition in Cytaeis (data not shown) as well as in the hydrozoan Hydractinia (Freeman, 1987) . It seems, therefore, likely that hydrozoan ovaries contain a complete set of cells that regulate, without any help from other organs, a series of initial events from photoreception to release of presumptive maturationinducing hormone targeting for oocytes (see below).
In Cytaeis, a dark period lasting for more than 1 h was required before light stimulation to constantly induce oocyte meiotic maturation and spawning. In contrast, the light stimulation period required was very short (< 1 s). Once initiated by light, the meiotic process proceeded regardless of the photic conditions. Ballard (1942) reported a similar relationship between dark and light periods required for oocyte meiotic maturation in Hydractinia and suggested that darkness allows the accumulation of photosensitive substances, the breakdown of which triggers initiation of meiotic maturation. In the freshwater hydrozoan Hydra, opsin, a component protein of rhodopsin that is known to be a ubiquitous visual substance in both invertebrate and vertebrate photoreceptors (Yoshida, 1979) , has recently been identified; immunoreactivity to opsin is only detected in the epidermal sensory cells involved in the ectodermal layer (Musio et al., 2001) . Future studies in Cytaeis would help identify the cell type responsible for the initial photoreception and determine whether a rhodopsin-like substance also functions in the cells.
Cytaeis oocytes could not initiate meiotic maturation unless they were kept inside the ovaries for at least 4 min following light stimulation. A similar situation has also been reported in Hydractinia; oocytes prematurely isolated from ovaries following light stimulation remain arrested at PI (Freeman, 1987) . These findings raise the possibility that a hormone-like factor, which is directly or indirectly produced by a brief moment of illumination, stays for a certain period in the ovaries and keeps stimulating the oocytes to initiate meiosis. Alternatively, the presumptive hormone might appear after a time lag of a few minutes following light stimulation. The existence of a diffusible hormone-like factor that acts on isolated oocytes and initiates meiosis from PI has been demonstrated in Hydractinia (Freeman, 1987) , although its molecular characteristic has not yet been clarified.
The cAMP analogues 8-Br-cAMP and 8-CPT-cAMP were only effective in triggering initiation of meiotic maturation when loaded into the oocytes by direct injection. This was unexpected since these cAMP analogues are usually introduced into targeted cells including oocytes by external application (e.g., Hubbard and Terranova, 1982; Stricker and Smythe, 2001; Yi et al., 2002) because of their membrane permeability. Although externally applied cAMP analogues are effective in many hydrozoans tested (see Introduction), it is also true that oocytes of a few species including Hydractinia failed to resume meiosis after such treatment (Freeman and Ridgway, 1988) . In Stylactaria misakiensis, which is closely related to Hydractinia, meiotic maturation took place only when 8-Br-cAMP was directly injected into PI-arrested oocytes (Nihei and Deguchi, unpublished data). It is therefore possible that the cAMP derivatives, including 8-Br-cAMP, fundamentally work as strong inducers of meiotic maturation in hydrozoan oocytes, although the membrane permeability for these chemicals varies from species to species.
The use of caged compounds enabled us to regulate [cAMP] i in targeted oocytes, revealing that a continuous increase in [cAMP] i is required for induction of meiotic maturation. Although the caged cAMP-loaded oocytes initiated meiotic maturation only when they were exposed to continual UV irradiation lasting for 10 min, direct measurement of [cAMP] i with FlCRhR demonstrated that a peak [cAMP] i level is attained following the first few UV irradiation periods. This was somewhat puzzling since the initial UV irradiation was expected to uncage a large amount of cAMP. One possible explanation is that the initially released cAMP is immediately degraded by phosphodiesterases in the oocytes, but that the continual supply of cAMP by repetitive UV irradiation periods gradually surpasses the capacity of the enzymes, resulting in a delayed increase in [cAMP] i . In any case, this situation might account for the fact that the time of GVBD induced by caged cAMP/UV irradiation is somewhat later than that triggered by direct injection of cAMP derivatives, which would be stable in the targeted oocytes.
The in vivo experiments using umbrella-free medusae and FlCRhR revealed that ovarian oocytes exhibit an increase in [cAMP] i in response to dark-light transition. This is the first demonstration that [cAMP] i indeed increases under physiological conditions for the initiation of meiotic maturation.
[cAMP] i levels in oocytes can be regulated by intracellular pathways mediated by adenylate cyclase and/or phosphodiesterase activities within the oocytes, as well as intercellular pathways conducting direct transport of cAMP from the surrounding somatic cells to the oocytes. In mammals, the somatic cells of the follicle have been considered as a possible source of cAMP for oocytes (Webb et al., 2002; Conti et al., 2002; Dekel, 2005) . On the other hand, recent studies using molecular techniques have demonstrated that cAMP required to maintain meiotic arrest at PI is produced by the oocytes themselves through the activity of the heterotrimeric G protein Gs (Mehlmann et al., 2002; Kalinowski et al., 2004) and type 3 adenylate cyclase (Horner et al., 2003) . Similar mechanisms may be used for the meiotic arrest at PI in oocytes of other vertebrates such as frogs (Gallo et al., 1995; Kalinowski et al., 2004) and fish (Kalinowski et al., 2004) . On the contrary, Gs-mediated activation of adenylate cyclase and the resulting increase in [cAMP] i are shown to responsible for initiation of serotonin-induced meiotic maturation in nemertean worm oocytes (Stricker and Smythe, 2001) . In Cytaeis, a layer of epithelial cells surrounding oocytes was very thin and a narrow space was present between the epithelium and the oocytes (Takeda and Kyozuka, unpublished data). Moreover, no intercellular structure such as gap junctions between them was detected by transmission electron microscopy (Takeda and Kyozuka, unpublished data). These observations suggest that effective cAMP is produced inside the oocytes rather than introduced from the surrounding epithelial cells in Cytaeis, although this study did not address this question directly.
In isolated Cytaeis oocytes, three different types of PKA blockers, H-89, KT5720, and Rp-cAMPS, completely inhibited cAMP-induced meiotic maturation. Furthermore, H-89 and Rp-cAMPS were also effective in blocking physiological light-induced meiotic maturation in ovarian oocytes. The inhibitory effect of H-89 was restricted to the initial few minutes after light stimulation, corresponding to a presumptive hormone-dependent period; once through this phase, the rest of the meiotic process advanced normally even in the presence of PKA blockers. These findings suggest that activation of PKA is a prerequisite for the initial step of oocyte meiotic maturation in Cytaeis, as is the case in nemertean worms (Stricker and Smythe, 2001) . Recent studies in vertebrate oocytes have demonstrated that PKA suppresses the production of an active form of Cdc2-cyclin B complex (maturation-promoting factor, MPF), by directly phosphorylating Cdc25 phosphatase (Duckworth et al., 2002) and Wee1 kinase (Han et al., 2005) , although PKA can inhibit meiotic maturation also by a novel mechanism (Schmitt and Nebreda, 2002) . Future identification of the target molecule(s) of PKA and clarification of the downstream pathways leading to MPF activation in invertebrates such as hydrozoans and nemertean worms will help increase our understanding of the phylogenic aspects of oocyte meiotic maturation, which is variously regulated by cAMP/PKA.
